Flexible materials are widely used for mechanical springs. It is very important to evaluate mechanical properties of these materials, for example, Young's modulus. Although a conventional three-or four-point test, or cantilever test is convenient to get Young's modulus, it has several disadvantages, especially for flexible materials. Taking into account large deformation behaviors of flexible materials, this report deals with a new measuring method (Tensile Circular Ring Method) to investigate Young's modulus. A newly proposed method is based on a large deformation of a ring specimen subjected to tensile forces. A modulus measured by using this method is 'secant modulus'. A measuring test was performed on two kinds of flexible materials (a steel material and a high-polymer material) in order to assess the applicability of the method. Consequently, it is made clear that the new method is suitable for flexible thin plates/thin rods.
INTRODUCTION
In recent years, flexible materials with very high performance are widely used and large deformation analyses of these materials have attracted attention considerably. Therefore, evaluation of Young's modulus of flexible materials is very important. The value of Young's modulus is needed to predict large deformation occurring in flexible materials. Many of the current material testing methods to examine mechanical properties for flexible materials are duplicates of the testing methods for conventional metals and these testing theories are based on the small deformation theory.
The three-or four-point bending test is commonly used to evaluate material properties for various materials. Although the conventional three-or four-point bending test is easy to operate and convenient to obtain the elastic modulus, it includes several disadvantages. For example, a stress concentration takes place around a loading nose of three-or four-point bending test. Therefore, the obtained data are unreliable since the stress distribution differs greatly from that predicted by an elementary beam theory.
Apart from the conventional three-or four-point bending test, a new method (Circular Ring Method) based on the large deformation theory is proposed in the present paper. Two techniques (compression or tension) can be adopted on the ring method. The compressive technique has already been studied [1] , and this paper deals with the tensile technique. Exact analytical solutions for large deformation are obtained in terms of elliptic integrals under the assumptions that the geometrical nonlinearity arises as a result of large deformation, while the material remains linearly elastic. In using this method, Young's modulus of thin and long flexible materials such as plastics and advanced composites can be easily obtained by just measuring the applied load and one of lateral, longitudinal displacements.
In order to assess the applicability of the proposed method, several experiments were carried out using a steel material (SWPA) and a high-polymer material (PVC). The results show Young's modulus determined by the new method are reasonably in good agreement with the results by the three-point bending tests. By the way, a measured modulus is secant modulus of elasticity. Besides the Circular Ring Method, the axial compression method for thin/slender beam specimen has already developed [2] , [3] , based on the large deformation theory.
THEORY
The material testing methods for metal or plastics is used to examine a mechanical property (Proportional limit, Elastic limit, Yield point, Ultimate strength, Elastic modulus, Elongation, Contraction, etc.) of a material. The three-and four-point bending methods are applied in general. Although these methods are very simple, they also have shortcomings that, for example, a stress concentration occurs near the loading points.
From this point of view, a new testing method is devised considering large deformation behaviors of a test specimen. The new method can be applied to various thin, long fiber materials (Glass fiber, Carbon fiber, Optical fiber, etc.) and thin sheet materials.
BASIC EQUATION
A typical illustration of a load-deflection shape for a circular ring is given in Fig.1 , subjected to opposite tensile forces at two points.
Due to the symmetry of the deformed shape, the analysis is carried out for the region AB (only 1/4 of the whole arc length).
The horizontal displacement is denoted by x, vertical displacement by y, and θ is the deflection angle. Moreover, an arc length is denoted by s, the radius of curvature by R and the bending moment by M. The relationship among R, M, s, x, y and θ are given by :
where EI is the flexural rigidity.
The moment applied at an arbitrary position N(x, y) is expressed as
and considering the boundary condition, ( )
at the point A, the basic equation is derived from Eqs. (1) and (2) in the form of : The double sign (±) on the right hand side of Eq.(4) means that the positive or negative sign is adopted when the deflection angle θ is increasing or decreasing, respectively, with the increase of the non-dimensional arc length ζ. In analysis of the tensile ring, only the plus sign (+) is adopted.
In analyzing the differential equation (4), the following formula may be used.
By transforming the variables with respect to angle θ, the infinitesimal quantities: dζ, dη and dξ are expressed as follows.
Therefore, the non-dimensional arc length ζ, the non-dimensional vertical displacement η and the non-dimensional horizontal displacement ξ at an arbitrary position N(x, y) are obtained by integrating Eqs.(6)−(8) within the range of φA−φ , respectively.
The non-dimensional arc length ζ is shown as follows.
Similarly, the non-dimensional vertical displacement η is expressed as
and then, the non-dimensional horizontal displacement ξ is given in the form of :
Furthermore, taking into the conditions,
, the maximum nondimensional arc length ζmax, the maximum non-dimensional vertical displacement ηmax and the maximum non-dimensional horizontal displacement ξmax are obtained as follows. where I is the second moment of area. Therefore, it is possible to calculate Young's modulus E from Eq. (12), if the value of the non-dimensional load γ is given by using a certain means. Here, a chart (: nomograph) of γ is presented in this paper, which is computed previously by using Eq.(9). For the sake of simplicity, the usage of the chart is recommend by author.
MEASURING TECHNIQUES
In this report, two methods are introduced in order to measure Young's modulus.
METHOD 1 : (Measurement of δ only)
In order to facilitate the calculation of γ, a chart (: nomograph) is given in Fig.2, illustrating As the demonstration of the usage of the non-dimensional chart (Ref. Fig.2 In the same manner, using this chart and a maximum horizontal displacement λ, Young's modulus E is calculated from the relational expression given in Eq.(15).
In order to demonstrate how to use of the non-dimensional chart (Ref. Fig.3 [kgf] and then, γ is read off from Fig.3 . Therefore, Young's modulus E is calculated as follows. 
EXPERIMENTAL INVESTIGATION
In order to assess the applicability of the proposed Tensile Circular Ring Method, large deformation experiments were carried out. The experimental set-up is shown in Fig.4 (which shows a thin plate of PVC, for example). The specimen tested can be classified into two groups. One group consisted of thin steel materials (SWPA: Piano wire). The other group consisted of highpolymer materials (PVC: Polyvinyl chloride).
In this experiment, a vertical displacement δ and a horizontal displacement λ are measured for several tensile loads P by using a grid paper.
Young's moduli of SWPA and PVC obtained by applying methods 1 and 2 are shown in Figs. 5 and 6, respectively. In the case of SWPA, although there is a little dispersion, the measured value remains nearly constant. Young's modulus determined by the proposed method is reasonably in good agreement with the value (E0) obtained by the three-point bending test. On the other hand, Young's modulus of PVC tends to decrease gradually as the tensile load increases. This characteristics originates from the material nonlinearity with the large deformation.
CONCLUSIONS
The Tensile Circular Ring Method is proposed as a new material testing method for measuring Young's modulus. In this method, a specimen of circular ring deforms greatly by outward-tension load. The measuring theory is based on the nonlinear large deformation theory. For the sake of convenience, some charts are drawn on the basis of the proposed theory. Since no loading device is attached at the mid-region of a specimen, this method overcomes the undesirable effects of loading nose, which are common for conventional three-or four-point bending. On this new idea, a set of testing devices was designed, and various kinds of flexible materials (a steel material and a high-polymer material) were tested. Theoretical and experimental results clarify that the new method is suitable for flexible materials.
